The effect of aluminium on vanadium-mediated oxidation of NADH was examined. The oxidation of NADH was enhanced in the presence of aluminium. The effect was concentration dependent. Vitamin E and copper (II) complexes with superoxide dismutase (SOD)-like activities containing isobutyric acid hydrazine were tested for their effect on the vanadium-mediated oxidation of NADH. The stimulatory effect of aluminium was decreased upon addition of different concentrations of vitamin E and copper (II) complexes. These results indicate that the biological toxicity of aluminium may be attributed to its enhancement of the production of superoxide radicals (Oi-) in association with the accumulation of other trace elements such as vanadium.
Toxic accumulation of trace elements can cause some biochemical disorders, e.g. vanadium compounds promote the oxidation of NADH through the generation of superoxide radicals (Oi "), \ The biological toxicity of aluminium has been recognized in a number of pathological disordersi" and aluminium can inactivate various enzymes." 11 Free radicals are molecules that have an unpaired electron in their outer orbital and are highly reactive and can cause cell injury and death. Oxygen free radicals such as superoxide (0 2 -) and hydroxyl ("OH) can be generated as a consequence of acute and chronic inflammation, ischemia-reperfusion, exposure to metal, toxins and other environmental agents.'? Oxygen free radicals are risk factors in degenerative diseases including cancer, J] atherosclerosis;" and rheumatoid arthritis. IS Copper, zinc-superoxide dismutase (Cu, Zn-SOD) is a member of the family of antioxidant enzymes that provides the cell with a major defence against oxygen toxicity. It catalyzes the dismutation of superoxide radicals (0 2 -). 16 More recently, some copper (II) complexes have been found to have SOD-like activities and can scavenge oth serum vanadium and aluminium concentrations are elevated in chronic renal failure patients. 19 • 20 In vitro oxidation of NADH during incubation with aluminium and vanadium involves superoxide radicals." In the present study, some copper (II) complexes and vitamin E with 0iscavenging properties were used to study NADH oxidation by Oi-. Determination of snperoxide dismntase (SOD)like activity of the Cn (II) complexes studied SOD-like activities of the Cu (II) complexes were assayed according to the method of Kakker et al. 23 The principle of the SOD assay is based on the inhibition of nitroblue tetrazolium (NBT) reduction to formazan by the effect of superoxide radicals (Oi-) produced from phenazine methosulphate as a superoxide generator. SOD activity can be calculated from: 0;' I hibiti [Ablaok -A",mpleJ 100 o n I IOn = Ablaok X which is inversely proportional to the absorbance (A) of formazan.
MATERIALS AND METHODS

NADH (Grade
The assay system contained sodium pyrophosphate buffer (pH 8·3, 0·025 mol/L), 0·1 mL of 189 j.Lmol/L phenazine methosulphate, O'5 mL of 300 j.Lmol/L nitroblue tetrazolium, 0·5 mL of 780 j.Lmol/L NADH and 0·1 mL of Cu (II) complexes of different concentrations in a total volume of 3 mL. The increase in absorbance was followed at 560 nm.
NADH oxidation assay NADH oxidation was monitored at 340 nm using a molar extinction coefficient of 6'22nM-1 em-Ion a Beckman Du-7 spectrophotometer (Beckman Instruments, Fulletron, CA, USA) according to the method of Liochev and Fridovich.' The reaction was initiated by addition of NADH to 100mmol/L potassium phosphate buffer, pH 7-4, 8 mrnol/L fructose-6phosphate and different concentrations of ammonium meta vanadate in a total volume of 3'OmL and to a reaction mixture of 100mmol/L potassium phosphate buffer, pH 7·4 and different concentrations of vanadyl sulphate in a total volume of 3·0 mL and incubated separately at 3TC.
The effect of the ligand (isobutyric acid hydrazine) on NADH oxidation as well as on the inhibition of formazan formation, have been investigated and found to have no effect in both cases.
The effects of turbidity related to aluminium in neutral phosphate buffer (pH 7-4) on the NADH oxidation was investigated. The changes in absorbance of the reaction mixture containing 0-4mmol/L NADH and OSmmol/L aluminium in 100 mmol/L potassium phosphate buffer was followed at 340 nm for 30 min. There was a very small increase in absorbance of aluminiumcontaining mixtures compared with aluminiumfree mixtures, which remained constant over the period of observation. This indicates that high concentrations of aluminium have no effect on oxidation of NADH.
RESULTS
All Cu (II) complexes examined scavenged superoxide radicals (Oi-) in a concentration dependent manner (Table I ). The inhibition of formazan formation by Cu (II) complexes decreased in the following order:
ci-> NO:;-> SO~-.
Vanadate can oxidize NADH only in the presence of a reducing agent, e.g. fructose-6phosphate. The rate of NADH oxidation was dependent upon the concentrations of phosphate Aluminium alone did not stimulate the oxidation of NADH even at high concentrations. However, the addition of aluminium to the reaction medium containing vanadium and fructose-6-phosphate increased the rate of NADH oxidation in a concentration dependent fashion (Fig. 2) .
The effect of aluminium on the oxidation of NADH was partially inhibited by vitamin E and completely inhibited by [Cu(IBAHhlNO J and [Cu(IBAHhlCI. The inhibitory effect in both cases was concentration dependent (Fig. 3 ).
As shown in Fig. 4 , vanadyl (y4+) ions effectively oxidized NADH. The addition of aluminium produced a vigorous increase in the rate of NADH oxidation which was concentration dependent. 
DISCUSSION
Cu (II) complexes under investigation have the ability to scavenge the superoxide radicals (Oi-) photogenerated from phenazine methosulphate (PMS). The reaction mechanism by which Cu (II) complexes can scavenge (Oi-) may be as follows:
IBA' !BAH, !BAH, the oxidation rate of NADH. The complete inhibition of this effect by Cu (II) complexes indicates the enhancing effect of aluminium may be mediated by superoxide radicals. Several mechanisms have been proposed for the biological toxicity of aluminium." In the present system, the generation of (Oi) depends on the reduction of vanadate to vanadyl ions. It seems that aluminium may serve as a potential electron donor and thus enhance the reduction of vanadate to vanadyl ions. This is supported by the report of aluminium having different chemical forms in aqueous solution at pH 7-4. 26 This study demonstrates that vanadate (y5+) ions enhance the oxidation ofNADH only in the presence of a reducing agent, e.g. sugar phosphate. The inhibition of NADH oxidation by vitamin E and Cu (II) complexes (both having SOD-like activities) indicates that the primary mediator of NADH oxidation by vanadate is the superoxide radical (Oi-). The generation of Oi-in this case may be via the reduction ofV5+ to y4+ by the sugar phosphate. These results agree well with those of Liochev and Fridovich.i" who used superoxide dismutase (SOD) to detect the generation of (Oi). The chemical reaction by which vanadate enhances the production of (Oi-) may be: Al The addition of aluminium to the reaction mixture of vanadate ions causes an increase in Under these conditions, the highly hydroxylated aluminium species [Al(OH)"l] is present in micromolar concentrations, whereas other aluminium species are present in picomolar concentrations." Phosphate buffer was employed in the reaction system and thus phosphorylated y4+ + Al(OH)~-n +± y5+ + AI(OH)~-(n+l) (6) completely inhibited the vanadyl-mediated oxidation of NADH stimulated by aluminium indicating that aluminium induces the generation of (Oi-). Recent studies support this argument.F demonstrating that aluminium could increase the rate of generation of (Oi-) through the auto-oxidation of vanadyl ions perhaps by the following reactions: in which the hydroxylated form of Al H first oxidizes any vanadyl ions to vanadate, then it is reduced in the production of (On. However, there may be sufficient vanadyl ions present in vanadate solutions to initiate a reaction." therefore, the stimulation of vanadium-mediated oxidation of NADH by aluminium may be attributed to the reduction ofy5+ to y4+ by the effect of fructose-6-phosphate, then one of the aluminium species oxidizes y4+ to y5+ and this species itself is reduced in the production of (Oi-).
From the present results it is concluded that one mechanism for the toxicity of aluminium may be its ability to enhance the oxidation rate of NADH by superoxide radicals (Oi-). Superoxide radicals are produced when aluminium is associated with the accumulation of other trace elements such as vanadium. The addition of Cu (II) complexes with (superoxide) scavenger properties decreased the NADH oxidation. Thus, Cu (II) complexes may serve as good substitutes for SOD, since they are very stable, easy to handle and can be easily prepared in a water soluble form. In addition, some chemical reactions could then be sustained; e.g. y4+ could be oxidized back to y5+ by reaction with molecular oxygen forming or (eqn 3) and the latter could serve to reduce Al(OH)~-(n-I)+ to Al(OH)~-n. Secondly, y5+ may reduce to y4+ by the action offructose-6phosphate (eqn 2), then one of the hydroxylated aluminium species could generate Oi-by reaction with y4+ as described below (eqns 6&7).
The present results showed that the vanadylmediated oxidation of NADH increased with increasing concentrations of aluminium in the reaction medium ( Fig. 4 ) Cu(II) complexes
